Immune evasion is a hallmark of cancer. While there are multiple different mechanisms that cancer cells employ, myeloid-derived suppressor cells (MDSCs) are one of the key drivers of tumor-mediated immune evasion. MDSCs begin as myeloid cells recruited to the tumor microenvironment, where they are transformed into potent immunosuppressive cells. However, our understanding of the clinical relevance of MDSCs in cancer patients has significantly lagged behind the preclinical literature in part due to the absence of a cognate molecule present in mice, as well as to the considerable heterogeneity of MDSCs. However, if one evaluates the clinical literature through the filter of clinically robust endpoints, such as overall survival, three important phenotypes emerge: promyelocytic, monocytic, and granulocytic. Based on these studies, MDSCs have clear prognostic importance in multiple solid tumors, and emerging data support the utility of circulating MDSCs as a predictive marker for cancer immunotherapy, and even as an early leading marker for predicting clinical response to systemic chemotherapy in patients with advanced solid tumors. More recent preclinical data in immunosuppressed murine models suggest that MDSCs play an important role in tumor progression and the metastatic process that is independent of their immunosuppressive properties. Consequently, targeting MDSCs either in combination with cancer immunotherapy or independently as part of an approach to inhibit the metastatic process appears to be a very clinically promising strategy. We review different approaches to target MDSCs that could potentially be tested in future clinical trials in cancer patients. Semin Oncol 41:174-184 &
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T he emergence and approval by the US Food and Drug Administration in 2011 of the monoclonal antibody ipilimumab targeting cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) on the surface of T cells, as an immune-based strategy in metastatic melanoma, has created a new enthusiasm for cancer immunotherapy within the oncology field. 1 CTLA-4 is a negative regulator of T-cell activation, and antibody blockade is believed to foster innate immunity through blocking CTLA-4-mediated inhibition of antitumor immune response in metastatic melanoma. 2 Further exciting clinical results with other novel monoclonal antibodies against the immune checkpoint protein programmed death-1 (PD-1) T-cell receptor and its ligand (PDL-1), as well as the data with chimeric antigen receptor adoptive T-cell therapy has brought the spotlight back on the importance of the immune system as a therapeutic target in cancer. [1] [2] [3] Immune evasion by cancer cells is an important step in oncogenesis, and is considered an emerging hallmark of cancer. 4 One of the challenges in the clinical development of effective immune-based therapies remains the complex interplay between the host immune system and the tumor, and different mechanisms and redundancy in pathways engaged by the tumor to evade the immune system. Multiple cell types are known to contribute to tumor-mediated immune suppression, including regulatory T cells (Treg), type 2 natural killer (NK) T cells, tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs). 5, 6 MDSCs are a heterogeneous cell population characterized by the ability to suppress T-cell and NK cell function, 5, [7] [8] [9] [10] that arise from myeloid progenitor cells that do not differentiate into mature dendritic cells (DCs), granulocytes, or macrophages.
Myeloid cells are the predominant hematopoietic cell type in the human body, and arise from hematopoietic stem cells that differentiate into mature myeloid cells. 10 The three major groups of myeloid cells are essential to the proper functioning of both our innate and adaptive immune systems: granulocytes, DCs, and macrophages. 10 The importance of myeloid cells in the tumor pathogenesis is not a new idea, but has its origins in the mid-1800s, when Dr Rudolf Virchow first described a leukocytic infiltration in tumors, and hypothesized a direct connection between inflammation and cancer. At the time, he suggested that the "lymphoreticular infiltrate" reflected the origin of cancer at sites of chronic inflammation. 11 Only over the last two decades have myeloid cells been recognized as playing a crucial role in the processes of tumor angiogenesis, tumormediated immune evasion, and metastases.
Only over the last 10 years have MDSCs been recognized as having an important role in immune evasion and progression in cancer patients. There are several well-established tactics employed by MDSCs to suppress T cells, including generation of arginase 1, nitrosylation of the T-cell receptor (TCR) through production of reactive oxygen species (ROS), downregulation of CD62L, and cysteine sequestration. 5, 7, 9, [12] [13] [14] [15] [16] [17] There is an ever-expanding body of clinical evidence that demonstrate elevated levels of circulating MDSCs in almost all malignancies, which appear to directly correlate with clinical cancer stage, metastatic tumor burden, and prognosis. 8, [18] [19] [20] [21] [22] One of the challenges with the clinical data with MDSCs in cancer patients is the absence of a clear consensus on which phenotypes are the most relevant. 8 These emerging clinical data, while not definitive, provide rather compelling evidence that MDSCs represent a very important and novel therapeutic target. Targeting MDSCs, while representing a logical combination with more traditional immune-based therapies, may have other nonimmune-related effects. 10, 12 Cancer xenograft models in immune-deficient mice suggest that MDSCs have immune-independent effects, and also may be important for tumor angiogenesis and pre-metastatic niches. [23] [24] [25] In this review, we will discuss clinical data with three distinct cellular phenotypes in cancer patients that have demonstrated a correlation between MDSCs, and overall survival (OS). We also will discuss data suggesting that MDSCs have other immuneindependent effects in tumor progression. Finally, we will discuss potential strategies to target MDSCs in cancer patients, as a novel therapeutic approach.
BASIC MDSC BIOLOGY
MDSCs constitute a diverse population of cells derived from bone marrow progenitor cells that are at varying stages of differentiation from early myeloid to a more granulocytic or monocytic phenotype. In murine tumor models, MDSCs have been isolated from peripheral blood, spleen, lymph nodes, and tumor sites and are known to have the ability to block both innate and adaptive immunity (Figure 1 ). MDSC recruitment to the tumor microenvironment is currently thought to be an early event, and one of the key drivers by which tumor cells evade the immune system. 20, 26, 27 The issue of MDSCs phenotype is much more straightforward in preclinical murine tumor models, where there are two primary MDSCs subtypes with either polymorphonuclear or monocytic characteristics, termed granulocytic and monocytic MDSCs, respectively, each of which employs slightly different mechanisms to suppress anti-tumor immunity.
Differentiating between monocytic and granulocytic MDSCs in murine cancer models was initially based on the expression of Ly6G and Ly6C. 28, 29 Granulocytic MDSCs are described as Ly6G 29 In terms of functional differences, granulocytic MDSCs are known to express higher levels of arginase, but not inducible nitric oxide synthetase (iNOS), and have been shown to generate higher levels of ROS. 10, 29 Monocytic MDSCs express both arginase and iNOS but do not produce high levels of ROS. The production of ROS is of course important, as this is one mechanism by which granulocytic MDSCs are able to suppress T cells that are in close proximity through production of high levels of ROS, such as hydrogen peroxide and peroxynitrite, that can induce T-cell apoptosis. The production of ROS also can lead to nitrosylation of the TCR during direct cell-cell contact, which renders the TCR unable to bind to antigen, thus blocking activation. 9, 20, [29] [30] [31] Further refinement of MDSCs in murine cancer models is also based on Gr-1 expression levels. 29, 32 Monocytic MDSCs are phenotypically described as being CD11b þ /Gr-1 int/low and show high expression levels of interleukin (IL)-4Rα compared to granulocytic MDSCs; their activity appears to be driven by tumor-secreted granulocyte-macrophage colonystimulating factor (GM-CSF) 33 and by interferon (IFN)-γ released from T lymphocytes. 34 Granulocytic MDSCs are phenotypically described as being CD11b þ /Gr-1 high , and exert limited immune suppression in some tumor models, and only when present in relatively high numbers. 35 Although granulocytic MDSCs require GM-CSF secretion for expansion, they do not appear to respond when GM-CSF is given externally, since GM-CSF is a necessary but not sufficient factor for their maturation. 36 
TRANSCRIPTIONAL DRIVERS OF MDSCs
The binding of select ligands (eg, cytokines, growth factors) to their receptors expressed by hematopoietic progenitor/stem cells (HPCs), DCs, and MDSCs initiate transcriptional activity that is largely responsible for the abnormal differentiation, expansion, and function of myeloid cells in the tumor microenvironment. Multiple transcription factors have been identified that play a critical role in the altered differentiation of myeloid cells in cancer; however, it is beyond the scope of this review to discuss all of them, but rather we will highlight some of them that have a significant impact on myeloid cell conversion to suppressive cells.
Notch signaling is thought to play a critical role in DC differentiation 37 and in the accumulation of immature myeloid cells. 38 More recently it was shown that the interaction between the notch receptor and the transcriptional repressor CSL, which is typically required for transcription of target genes is impaired in HPCs, DCs, and MDSCs derived from tumor-bearing hosts. 39 This reduction in Notch transcription appears to be the result of serine phosphorylation of the Notch receptor mediated by the abnormal enzymatic activity of caseine kinase 2 (CK2). This impaired Notch transcriptional activity can be replicated by exposing HPCs to tumor-conditioned medium, suggesting that the tumor microenvironment is responsible for this defect. The use of a select CK2 inhibitor restored Notch activity in myeloid cells and when administered to tumor-bearing mice promoted DC expansion and reduced tumor volume, suggesting that targeting of Notch may improve normal myeloid differentiation. 39 Signal transducers and activators of transcription (STATs) are known to regulate MDSC expansion and suppressive/angiogenic activity following their activation by a variety of tumor-derived products.
10 STAT3 has been the most studied of the STATs and is known to enhance MDSC proliferation via the upregulation of multiple proteins involved in cell cycle progression and the promotion of cell survival (Bcl-xl, cyclin D1, and survivin). 40, 41 The activation of STAT3 in myeloid precursor cells also upregulates the calcium binding proteins S108A and S100A9, which block differentiation of DCs, thereby leading to the accumulation of immunosuppressive MDSCs. 42 Furthermore, these S100 proteins are known to bind surface glycoprotein receptors on MDSCs and promote their migration. 43 Another function of STAT3 activation in MDSCs is to upregulate the activity of NADPH oxidase (NOX2), resulting in the production of ROS, a mechanism of T-cell-mediated immune suppression. 13 Other STAT proteins are known to promote immune suppression in a tumor-bearing host. Nitric oxide-induced immune suppression mediated by monocytic-MDSC and TAMs was found to be dependent on STAT1 since downregulating STAT1 expression partially blocked suppression. 44, 45 On the other hand, STAT6 signaling via IL-4/IL-13 activation is implicated in upregulating arginase 1 and transforming growth factor (TGF)-β production in MDSCs and macrophages leading to greater suppressive activity. 10, 46 Recent evidence demonstrated that the transcription factor C/EBPb, which controls emergency granulopoiesis induced by cytokines and infections, is critical for the immunosuppressive program observed in tumor-induced and bone marrow-derived MDSCs. 36 In vivo studies in mouse tumor models demonstrated the expression of C/EBPb in tumor infiltrating MDSCs and in vitro studies indicated that the GM-CSF and IL-6 combination was most effective at inducing MDSCs from precursors present in human and mouse bone marrow and that the loss of C/EBPb in cultured MDSCs resulted in a significant reduction of arginase1 and nitric oxide synthase, which are critical components of immune suppression in MDSCs. The importance of C/EBPb in promoting MDSC immune suppression was shown by adoptively transferring antigen-specific T cells into tumorbearing mice that were deficient in C/EBPb within the myeloid compartment. These transferred CD8 þ T cells were only effective at reducing tumor growth in mice where C/EBPb was targeted in the myeloid cells but not in controls harboring an intact MDSC population.
In summary, a number of transcription factors activated in MDSCs by different cytokines/growth factors in the tumor microenvironment regulate their differentiation, expansion, and function. Therefore, a better understanding of how different transcription factors function in MDSCs should provide new targets to control MDSCs in the tumor; when combined with immunotherapy, they may improve treatment for different types of cancer.
CLINICAL IMPACT OF MDSCS IN CANCER PATIENTS: PAST, PRESENT, AND FUTURE
Since the initial identification and description of MDSCs in the preclinical literature, there have been many studies in cancer patients with solid and hematologic malignancies that have evaluated the presence and clinical significance of MDSCs. In a recent review of the clinical literature of MDSCs in cancer patients, more than 15 different phenotypes have been evaluated in clinical studies. 8 One of the main challenges in studying MDSCs in cancer patients therefore is definitional. Thus far, no consensus has been reached on what the most important phenotypes are for advancing future clinical studies. This is due in part to the highly heterogeneous nature of MDSCs. But, the key driver in this inconsistency between the preclinical and clinical literature of MDSCs in cancer appears to be the absence of the cognate Gr1 molecule in humans, since in mice MDSCs are defined as CD11b þ and Gr1 þ . One of the first published clinical studies that evaluated the presence of MDSCs in cancer patients was in the tumor of patients with head and neck cancer, mostly squamous histology (n ¼ 18). 47 This study reported the presence of CD34 þ intratumoral myeloid cells that significantly correlated with secreted GM-CSF levels in tumor fragments. Moreover, CD34
þ depletion via immunomagnetic separation was noted to reverse T-cell suppression, as evidenced by increased IL-2 production from intratumoral lymphocytes. A subsequent early pivotal study of MDSCs in cancer patients analyzed peripheral blood samples from patients (n ¼ 44) with three different cancers-head and neck squamous cell carcinoma, non-small cell lung cancer, and breast cancer-that identified a population of immature myeloid cells (ImCs). 48 These cells were described as lineage-negative (Lin If one evaluates all published clinical data with MDSCs in cancer patients through the lens of the most clinically relevant endpoints-OS or PFS-a much clearer picture emerges. Using this restrictive filter, only three MDSCs phenotypes have been shown to correlate with the most robust clinical endpoints ( Figure 2 ). The three MDSCs phenotypes can be described as: (1) promyelocytic, (2) monocytic, and (3) granulocytic. We will discuss all three separately.
Phenotype 1: Promyelocytic MDSCs
Promyelocytic MDSCs represent a very immature myeloid population of cells, defined phenotypically by being low/negative for Lin-1 (where Lin-1 is CD3, CD14, CD16, CD19, CD20, and CD56), HLA-DR-, and CD33
þ /CD11b þ . This phenotype is very similar to the initial phenotypic description from the early pivotal study describing ImCs. To date, four published studies have demonstrated a significant correlation with levels of promyelocytic MDSCs in the peripheral blood with clinical stage and/or metastatic tumor burden. 19, 20, 22, 49 Of these, two have independently shown that in patients with advanced breast cancer and gastrointestinal malignancies, respectively that higher levels of circulating promyelocytic MDSCs were associated with poorer OS times. In the study by Solito et al, patients with stage IV breast cancer (n ¼ 25) with circulating MDSCs levels 43.17% (median) at baseline had significantly shorter median OS times than patients with circulating MDSCs less than the median at 5.5 months (95% confidence interval [CI], 0.5-11.3) and 19.32 months (95% CI, 8.7-not reached), respectively (P o.048). 20 Similarly, in the study by Gabitass et al, levels of circulating MDSCs 42% were an independent adverse prognostic factor in patients with pancreatic, esophageal, and gastric cancers on multivariate analyses. 19 Patients with peripheral blood levels of promyelocytic MDSCs 42% were found to have an overall poorer prognosis, with a median OS of only 4.6 months (95% CI, 2.2-6.0), relative to a median OS of 9.3 months (95% CI, 6.3-12.1) (P o.001), in patients with circulating MDSCs o2%. Although these studies involved relatively small numbers of patients, they are the first to demonstrate the potential clinical significance of promyelocytic MDSCs. It is important to note that the method of blood collection differed: in the study by Solito et al, fresh whole blood was used, and in Gabitass et al, peripheral blood mononuclear cells were isolated using Ficoll, and later stored at -80°C for batch analysis.
Phenotyope 2: Monocytic MDSCs
Monocytic MDSCs are more differentiated than promyelocytic MDSCs, and are characterized as being HLA-DR -/lo and CD14 þ . 50 To date, there have been three separate studies in cancer patients demonstrating a significant association between circulating levels of monocytic MDSCs and clinical outcome.
The first study, by Walter et al, evaluated the clinical significance of six different MDSCs phenotypes in patients with advanced renal cell carcinoma (RCC) who had been enrolled into a randomized phase II trial involving the multi-peptide therapeutic vaccine IMA901. 51 In this study, pretreatment levels of five of the six different MDSC phenotypes evaluated were found to be significantly higher in patients compared to healthy controls, one of these being the monocytic MDSCs phenotype. The clinical significance of pre-vaccination levels of circulating MDSCs and OS was also explored. The monocytic MDSCs phenotype (termed MDSC4 in the study) was observed to inversely correlate with OS. Enrolled subjects having pre-vaccination monocytic MDSCs levels above the median (n ¼ 29), had a significantly worse OS than those with levels below the median (n ¼ 28) (hazard ratio [HR] ¼ 0.35, P ¼ .0035 by logrank test). Of note, a variation of the promyelocytic MDSCs phenotype was explored (called MDSCs3) but was distinct from the way it was defined in the previously discussed studies. Here, the MDSCs3 population was Lin -HLA-DR -/lo CD33 þ (whereby Lin was CD3, CD14, CD19, CD56).
The second study, by Arihara and colleagues, evaluated the clinical significance of circulating monocytic MDSCs in hepatocellular carcinoma (HCC) patients (n ¼ 123). 52 Circulating monocytic MDSC ratios (HLA-DR -/lo CD14 þ MDSCs/total CD14 þ cells) were highest in patients with stage III/IV HCC, relative to all other examined patient groups: (1) early-stage I/II HCC, (2) patients with chronic hepatitis but no HCC, and (3) healthy controls. In addition, and more relevant to our discussion, the clinical significance of monocytic MDSC levels in HCC patients was evaluated both before and after curative intent radiofrequency ablation (RFA) therapy in 33 patients. Blood samples were obtained on the day of treatment (baseline) and 2-4 weeks after treatment (after), and the value of monocytic MDSCs was divided by the total CD14 þ cell number. Circulating monocytic MDSCs levels were found to be significantly decreased after RFA therapy (18.0%→15.5%, P ¼ .05). However, in several patients, the frequency of MDSCs remained at high levels post RFA. On multivariable analysis for recurrence, considering the variables found to be prognostic predictors on univariable analysis, only a post-treatment MDSC ratio 422% (HR ¼ 3.906, P ¼ .014) was found to be a significant independent risk factor for recurrence.
The third study, by Huang and colleagues, evaluated the clinical significance of circulating monocytic MDSCs in 89 patients with advanced non-small cell lung cancer (NSCLC). 53 Levels of HLA-DR -/lo CD14 þ MDSCs as a percent of total CD14 þ cells were present in significantly higher levels in NSCLC patients relative to healthy controls, and were proportional to clinical stage. Of the original 89 NSCLC patients enrolled, 60 had been followed until progression. Monocytic MDSCs frequency (49.43%; 3 vs 9 months), and absolute numbers (44.67 cells/μL; 3.5 vs 8 months) greater than the median, were both significantly negatively correlated with median PFS (P o.01). 
Phenotype 3: Granulocytic MDSCs
Prior clinical studies have demonstrated the presence of circulating MDSCs with more of a granulocytic morphology, negative for CD14 expression, but positive for CD15, which is expressed on circulating granulocytes, and some monocytes, but not on lymphocytes. 50, 54 However, these clinical studies were primarily descriptive in nature and characterized the MDSC phenotype in the peripheral blood of cancer patients, without any correlation with either recurrence or survival. There are three published studies that have correlated the presence of granulocytic MDSCs with clinical outcomes in cancer patients. A study by Wang and colleagues evaluated the presence of MDSCs in stage I/II (n ¼ 13) or stage III/IV (n ¼ 27) gastric cancer patients. 55 Blood was collected either prior to gastrectomy in operable candidates, or prior to initiating chemotherapy in patients with advanced/unresectable disease. Granulocytic MDSCs in this study were CD15 þ but also rather phenotypically similar to promyelocytic MDSCs: Lin -/lo (Lin being CD3, CD19, CD56), HLA-DR -/lo , CD14 -/lo , CD11b þ , and CD33 þ . In patients with stage I/II gastric cancer, those with 44% circulating MDSCs (n ¼ 23) were found to have significantly shorter median OS times when compared to those (n ¼ 17) with o4% MDSCs (P ¼ .024). A similar analysis performed in the 27 patients with late-stage gastric cancer demonstrated a trend towards a shorter median OS time in patients (n ¼ 18) with 44% circulating MDSCs versus those with o4% MDSCs (n ¼ 7). Not surprisingly, and likely due to the very small numbers, this difference did not reach statistical significance (P ¼ .166).
The second study involved patients with gastrointestinal solid malignancies (n ¼ 40), where 80% of patients had pancreatic adenocarcinoma, esophageal cancer, or colon cancer. 56 Three different MDSCs phenotypes were studied:
To evaluate the potential relationships between OS and these three different MDSCs subsets, an exploratory backwards elimination procedure was used to select predictors for a multivariable model. The final multivariable model found that increasing CD15 − MDSC levels were associated with an increased risk of death, while increasing levels of CD14 þ MDSCs were associated with a reduced risk of death (HR for twofold increase in CD15 − ¼ 1.42, P ¼ .049; HR for twofold increase in CD14 þ ¼ 0.69, P ¼ .033). Results of these analyses should be interpreted with caution because of the overall small sample size of a very heterogeneous group of gastrointestinal cancer patients, and significant co-linear relationships between each of these three different MDSCs subsets. In the study by Walter et al, a statistically significant association (P = .016) with circulating granulocytic MDSCs (termed MDSC5) and OS was reported. 51 
Intratumoral MDSCs in Cancer Patients
The data just discussed with the three phenotypes that have been shown to correlate with clinically relevant outcomes in cancer patients pertain only to peripheral blood. To the best of our knowledge there is only one published study that has explored the clinical impact of intratumoral MDSCs. The preclinical literature demonstrates a very clear relationship between MDSC levels in the peripheral blood and tumor and/or spleen, and their recruitment occurs early. Going back to our MDSCs model (Figure 1 ), because MDSCs are recruited from the bone marrow to the tumor microenvironment and/ or pre-metastatic niches through production of chemokines or cytokines, one would expect that there would be a rather good correlation between both blood and tumor compartments. There are indeed a handful of clinical studies that have examined the presence of intratumoral MDSCs. One study by Finke and colleagues in 38 patients with RCC found that intratumoral MDSCs make up about 5% of the total tumor single cell suspension. 12 At least three distinct MDSCs populations in the blood and tumor were found, with granulocytic MDSCs
þ , HLA-DR − ) comprising about 55% of all MDSCs, followed by promyelocytic MDSCs (40% of MDSCs), with monocytic MDSCs (CD14 þ , CD33 þ , HLA-DR − ) being 5% of the total population. Another study reported the presence of intratumoral monocytic MDSCs in metastatic melanoma lesions. 57 Porembka et al described the presence of intratumoral granulocytic MDSCs (CD15 þ ), as well as in the blood and bone marrow of pancreatic adenocarcinoma patients. 58 In another study, levels of tumorinfiltrating promyelocytic MDSCs (CD11b þ , CD33 þ ) in patients with stage III colorectal cancer were found to be significantly higher than in adjacent noncancerous tissue (6% v 1%; P ¼ .0002). 49 To date, only one published study has formally evaluated the clinical impact of tumor-infiltrating MDSCs in cancer patients. The study by Cui and colleagues initially looked at the presence of promyelocytic MDSCs in fresh tumors from patients with high-grade ovarian serous cancer. 59 Through reverse gating polychromatic flow cytometry analysis, it was demonstrated that CD33 þ cells within ovarian tumors were confined to MDSCs (lin
þ ) in fresh ovarian tumor tissue. They used ovarian tumor tissues from patients (n ¼ 140) whose clinical and pathological information was available. Specimens were scored for density of CD33 þ cells by immunohistochemistry. Based on the median values of CD33 þ MDSC density, patients were classified into ''low'' and ''high'' groups. Median OS (HR ¼ 1.99; 95% CI, 1.22-3.25; P ¼ .006) and disease-free interval (DFI) (HR ¼ 1.75; 95% CI, 1.08-2.87; P ¼ .02) were significantly shorter in patients with high intratumoral MDSC infiltration even after adjusting for relevant clinical prognostic factors. This relationship between high tumor MDSCs content and shorter OS (HR ¼ 2.87; 95% CI, 1.11-7.42; P ¼ .03) and DFI (HR ¼ 3.25; 95% CI, 1.21-9.63; P ¼ .02) remained significant even in patients with stage IV ovarian cancer.
MDSCs AS A PREDICTIVE MARKER
The important role of MDSCs in tumor immune evasion and tumor progression would imply that circulating MDSC levels may serve as a good predictive marker. To our knowledge, only three published studies have explored the clinical utility of peripheral blood MDSCs in predicting response to immunotherapy in cancer patients. The first study evaluated the predictive ability of pretreatment circulating promyelocytic MDSCs (Lin -, HLA-DR -, CD33 þ ) and mature DCs in patients with advanced kidney cancer or melanoma (n ¼ 36) who received high-dose IL-2. 60 A high DC-to-MDSCs ratio and low numbers of circulating MDSCs (pretreatment) were able to discriminate the responder subset within the cohort of patients treated with high-dose IL-2.
A phase I-II clinical study involving a highly immunogenic MUC1 peptide vaccine in patients (n ¼ 46) with a history of colonic adenomas, but no prior colon cancer, explored predictors of long-term immune responses. 61 Comparing vaccine responders to nonresponders, no association of response with age, family history of colorectal cancer, body mass index, or criterion for advanced adenoma was noted. However, nonresponders (n ¼ 19) were observed to have significantly higher percentages of peripheral blood promyelocytic MDSCs (HLA-DR -/lo , CD11b
þ ) compared to responders (n ¼ 12; P o.05). Circulating promyelocytic MDSC levels in responders were found to be similar to that detected in healthy age-matched controls. A third study in breast cancer patients receiving neoadjuvant chemotherapy in combination with a glutathione disulfide mimetic, with immunomodulatory properties, found that patients with lower levels of circulating promyelocytic MDSCs at baseline, and prior to the last cycle of chemotherapy had a higher probability of achieving a pathologic complete response (P ¼ .02). 21 The predictive benefit of measuring changes in MDSCs over time is not limited to immune-based therapies alone. Since circulating MDSC levels in cancer patients are proportional to clinical stage and metastatic tumor burden, it stands to reason that levels should increase or decrease depending on whether a patient is responding to systemic therapy or not, provided that the systemic therapy does not have some sort of direct effect on MDSCs. Indeed, two studies provide some preliminary evidence that MDSCs may serve as a predictive marker in patients with advanced cancer receiving chemotherapy. One small study in patients with stage IV colorectal cancer receiving standard combination chemotherapy demonstrated that promyelocytic MDSCs levels over time increased in patients with radiographic evidence of progressive disease. 20 Similarly, a second study showed the frequency and absolute number of monocytic MDSCs after chemotherapy to be higher in patients with progressive disease. 53 
MDSCs AND PRE-METASTATIC NICHES: BEYOND IMMUNOSUPPRESSION
Immunosuppression by MDSCs is certainly an important contribution to the progression of tumors. 7, 10 However, a direct role on tumorigenesis and establishment of metastatic lesions is becoming increasingly evident. Metastasis is a complex process that involves escape from the primary tumor, survival in the circulation, and colonization of distant organs. It is well established that nonmalignant cells from the tumor microenvironment greatly influence these processes, particularly bone marrow-derived cells of the myeloid lineage such as TAMs. 62 MDSCs share a common progenitor with TAMs, and also are recruited to tumor in response to inflammation where they secrete factors that modulate tumor cell survival and angiogenesis such as vascular endothelial growth factor (VEGF), basic fibroblast growth factor, platelet-derived growth factor, and matrix metallopeptidases (MMPs). 27 A direct role of MDSCs on the dissemination of tumor cells has been recently described in RETAAD mice. RETAAD mice are transgenic for the activated RET oncogene, and spontaneously develop uveal melanoma. In this model, MDSCs preferentially infiltrate primary lesions via CXCL5, and induce epithelial-mesenchymal transition through TGF-β, epidermal growth factor, and hematopoietic growth factor signaling pathways. 63 During epithelial-mesenchymal transition, tumor cells gain motility and become invasive; this is considered to be an important requirement for the progression of tumors.
MDSCs also are capable of directly influencing the development of blood vessels. This was first described in MC26 cells, a murine colorectal cancer model. In this model, increased vessel formation was associated with the production of MMP-9 by MDSCs. 64 The proteolityc activity of MMPs modulates the bioavailability of VEGF in tumors promoting angiogenesis and vascular stability. 65 Secretion of MMP-9 by MDSCs in a model for mammary carcinoma and the subsequent vasculogenesis also has been reported. 66 Another mechanism by which MDSCs can promote tumorigenesis is by differentiating into cell types that form part of the supportive network of both tumors and metastatic lesions. One example is the novel subset of MDSCs resembling fibrocytes that has been identified recently in pediatric sarcomas. Besides being able to suppress T-cell responses, fibrocyte-like MDSCs are able to induce angiogenesis as measured by the standard tube formation assay. 67 Another example is the differentiation of tumorinfiltrating MDSCs into TAMs after exposure to hypoxia-inducible factor (HIF)-1α. 68 Furthermore, MDSCs isolated from the bone marrow of tumorbearing mice with bone metastasis are capable of differentiating into functional osteoclasts in vitro and in vivo. 69 Osteoclasts are responsible for most of the destruction during osteolysis, which facilitates the growth and establishment of bone metastasis. Interestingly, only MDSCs from tumors known to metastasize to the bone were able to differentiate into osteoclasts, and only when metastatic lesions were present, suggesting that coordinated signals from the bone marrow and bone metastasis are driving the differentiation of MDSCs into osteoclasts. 70 Localization of MDSCs in distant sites has been associated with a favorable microenvironment for the establishment of metastasis also known as premetastatic niches. In a model of breast carcinoma metastasis, MDSCs were found in the lungs of mice bearing primary mammary carcinomas well before metastatic lesions were established. MDSCs presence was linked with decreased levels of IFN-γ and enhanced levels of MMP-9, which is associated with aberrant vasculature formation. 71 Thus, MDSCs and other lymphoid cells can infiltrate distant sites before tumor cells, and prepare for their arrival a hospitable environment of immunosuppression and inflammation.
THERAPEUTIC STRATEGIES TARGETING MDSCs
All of the clinical and preclinical data discussed provide a very strong rationale for development of therapeutic approaches targeting MDSCs in an oncologic setting either as a standalone approach or in combination with other immune-based therapies. There are several different areas where one could envision targeting MDSCs as cancer therapy (Figure 3) . Several preclinical studies suggest that abnormal myelopoiesis and recruitment of immature myeloid cells into tissues are early events in cancer progression. 10 Therefore, one potential clinical strategy for targeting MDSCs in an oncologic setting would be to target tumor-derived factors (TDFs) from being produced or from reaching the bone marrow. Key cytokines such as IL-6 or S100A8/A9 could be directly targeted. One of the challenges with this approach clinically would involve redundancy in the cytokine pathways and the requirement to block several different cytokines or chemokines to curtail TDFs in a meaningful enough way to have a positive impact clinically on tumor progression. A second potential therapeutic approach would be focusing on inhibiting generation of MDSCs from bone marrow progenitors or inducing apoptosis of circulating MDSCs. Various systemic therapeutic agents currently used in oncology are known to decrease MDSC levels, including gemcitabine, 5-fluorouracil, sunitinib, and zolendronate. 5, 10 A third potential option would entail preventing trafficking of myeloid cells from the marrow to peripheral lymphoid organs or to the tumor microenvironment. Several potential drug targets would include chemokine (C-X-C motif) receptor 2 (CXCR2), chemokine (C-X-C motif) receptor 4 (CXCR4), and colony-stimulating factor 1 receptor (CSF1R). 10 A fourth therapeutic strategy would involve directly blocking MDSCs suppression of T cells. Examples of drug classes that would be able to accomplish this would include phosphodiesterase type 5 inhibitors (PDE5), eg, sildenafil and tadalafil, or cyclooxygenase 2 (COX-2) inhibitors. A fifth approach would involve drugs that would promote differentiation of MDSCs into proficient antigen-presenting cells that can stimulate tumorspecific T cells and/or into mature leukocytes. Several drugs have been shown in preclinical and/or small clinical studies to be able to promote differentiation of MDSCs including, all-trans retinoic acid (ATRA), vitamin D3, and the DNA-methylating agent 5-azacytidine.
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CONCLUSIONS
Immune evasion is a hallmark of cancer, and the literature provides substantial evidence that MDSCs are important in the biology of tumor progression and immune evasion. While, leukocytic infiltrates in tumors is not a new observation, MDSCs have emerged as a novel and very attractive therapeutic target in cancer, especially since they are present in the peripheral blood of patients with all major solid tumor types. However, one of the major obstacles in translating preclinical data to the clinic has been the heterogeneity of how MDSCs are defined, and which phenotypes are evaluated in cancer patients. However, if one applies the filter of clinically robust endpoints, three distinct MDSC phenotypes emerge. Further appropriately prospective trials need to evaluate the importance of MDSCs as predictive and/or prognostic markers in cancer patients. More recent studies suggest that MDSCs can promote metastases with mechanisms other than immunosuppression. A greater understanding of the biology of MDSCs and the role they play in tumor progression would certainly help to accelerate the clinical development of novel strategies for the prevention of metastases, and would also have the potential to greatly enhance the effectiveness of immune based therapies in cancer.
